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Attaining an economical and safe design of structures is regarded as a prerequisite for the structural engineer. The market prices of reinforcing
steels have dramatically soared in recent years internationally. Therefore, the purpose of the current paper is not just reducing the ratio of
reinforcing steel in the foundations for skeleton structures, but rather minimizing this ratio through choosing the most effective footing shape
(folded strip footings). Folded footings have been used as an alternative to the conventional rectangular strip footings. The height of the studied
model is ten ﬂoors. Two different foundation systems are used in the analysis namely; rectangular strip footings, and folded strip footings
respectively. Both footing shapes will be designed as continuous footings with grid shape under the building. Comparison between the two
systems is also presented regarding the concrete sections and reinforcement ratio under the same applied loads. The ﬁnite element analysis
software ADINA is used in modeling and analysis of the structural and geotechnical behavior of both types of footings, with emphasis on the
effect of changing the footing shape on the stresses in the footing concrete body and the underlying soils. Research results presents the internal
stresses within the footing and soil domains, as well as the contact pressure distribution for a reinforced folded strip footing resting on different
soil types. The inﬂuence of folding inclination angle, and soil type on the results are also studied. Results showed that folded strip footings are
efﬁcient in reducing the amount of needed reinforcements, and such efﬁciency in reducing the required steel reinforcement in the footings is
depending on the applied footing loads, and to some degree on the soil type and properties. Reduction in the reinforcement ratio between the
rectangular and folded footing types is about 26% in favor of the folded strip footings. A comparative economical study shows that the total cost
of the reinforced concrete section for the folded strip footings is less than the traditional one by about 18%. This difference in cost of both types
of footings is mainly due to the relatively smaller in steel reinforcement ratio needed for the folded type as compared with the rectangular ones.
So, the folded strip footing is more economical than the rectangular strip footing.
& 2016 Society of CAD/CAM Engineers. Publishing Servies by Elsevier. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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In this paper, the structural and geotechnical behavior of
both rectangular and folded strip footings are studied numeri-
cally using the ﬁnite element program, ADINA ver. 9.0
(Automatic Dynamic Incremental Nonlinear Analysis) [6].
Abdel-Salam and Mashhour [1] presented an analytical study
for a reinforced folded strip footing and pointed that the most
preferable value of the angle of inclination (folding), is equal
to 201. Attia [3] presented an experimental and numerical study
of folded strip footing using photo-elasticity, experimental
technique and numerically using the ﬁnite element method to10.1016/j.jcde.2016.09.002
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vertical load accounting for the soil-structure interaction effect.
The author concluded that the normal stresses within the
footing body and soil displacements under the folded strip
footing decrease with increasing the inclination angle and the
soil modulus of sub-grade reaction. More researches in the
analysis and experimental analysis of the folded strip footings
are presented in references [1,2,5]. EL-Kady [4] showed that
half-scale experimental models gave approximately the same
numerical trend of results showed here in the paper The main
objective of economical construction is creating new urban
communities to help in moving the population from the narrow
valley to uninhabited desert areas. This will contribute to
realizing optimum distribution of population, and create newer. This is an open access article under the CC BY-NC-ND license
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Fig. 1. The ﬁnite element mesh of the tested model.
Table 1
Soil parameters for model.
Uniﬁed classiﬁcation Stiff clay Medium dense sand Dense sand
Es (MN/m
2) 10.0 50.0 100.0
ϕ (deg) 0.0 34.0 38.0
C (kN/m2) 75.0 0.0 0.0
ν (Poisson's ratio) 0.45 0.30 0.20
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communities. It will also keep abreast of world developments
through modernizing Egypt's urban and population map. Since
urban and population growth is currently focused within
5 percent only of Egypt's total area. This policy aims to
redistribute the population, in the near future, over an area
representing about 25 percent of Egypt's total area through
reducing the construction costs.
So, the main advantages of this research focusing on using
folded strip footing as an alternative foundation system instead
of the conventional rectangular strip footing are:
1) Minimizing the cost of foundations through reducing the
ratios of steel reinforcements.
2) Introducing foundations with higher load carrying capacity
and less soil settlements than the traditional rectangular strip
footings, (up to ten ﬂoors).
3) Performing a comparative economical study for the costs of
both foundation types.
4) Minimizing or even eliminating the tension zones in the
folded strip footings.
5) As a consequence of achieving previous point, the needed
ratio of steel reinforcement will be minimal.
2. Numerical model
The behavior of conventional rectangular and folded strip
footings is studied numerically using the ﬁnite element
technique. The footing material is reinforced concrete modeled
using elastic isotropic material model. The modulus of
elasticity of concrete Ec¼1.97x106 t/m2, and Poisson's ratio
m¼0.16 [7]. The side boundaries are presented as rollers to
allow for settlements to take place at these edges, without
allowing for lateral movement. However, the movement of the
lower boundary is restricted in both directions. Both types of
footings are subjected to vertical loads representing ten ﬂoors.
Non-linear performance is assumed for the footing material
with allowable tensile strength (st)¼10% of the concrete
compressive strength sc. Parametric study is carried out to
investigate the effect of different model parameters on the
footing-soil interaction behavior. The studied parameters
included three different soil types, namely; dense and medium
dense sand, in addition to stiff clay. Previous studies [6]
indicated that folding the rectangular strip footing by 201
resulted in much better behavior when compared with the
rectangular ones. In addition, for practical purposes, the folded
strip footing angle is chosen to be 201 to allow for ease in the
footing construction process. To account for the effect of
increasing the number of ﬂoors in the building, ﬁve cases of
loading are applied to model the building ﬂoors from two up to
ten respectively. These loads are 300, 600, 900, 1200 and
1500 kN respectively. Analysis of the results included the
previous parameters in addition to the effect of footing steel
reinforcement ratio which will be equal to the minimum
possible reinforcement.
The depth of folded footing to span ratio will be constant to
be kept constant at 0.4 [4]. Fig. 1 shows general layout of thePlease cite this article as: Salam SA, El-kady MS. Foundations for low cost build
doi.org/10.1016/j.jcde.2016.09.002folded strip footing, the loading position, and the ﬁnite element
mesh used in the analysis along with the boundary conditions.
The maximum height of buildings of the national housing
project is ten ﬂoors. Comparison between the two systems is
applied to achieve the least sections and reinforcement ratio at
the same applied loads.
The soil underneath the footing is modeled with Mohr-
Coulomb soil model, with model parameters presented in
Table 1. The studied parameters included three different soil
types, namely; dense and medium dense sand, in addition to
stiff clay.
3. Results and discussion
Analysis included the effect of increasing the applied loads
over the footings on the underlying soil maximum vertical,
horizontal stresses and settlements, for different soil types. The
distribution of vertical and horizontal stresses in the soil domain
is also presented for both rectangular and folded strip footings.
Stresses within the concrete footing are also presented showing
the compression and tension zones. This will be indicated in
applied moment for the concrete section. So, comparison
between the two types of foundations will be in the steel
reinforcement ratio and quantities of reinforced concrete. In
other words, the total cost per cubic meter of concrete.
3.1. Effect of increasing the foundation loads on soil
settlements
Fig. 2 shows that increasing the applied loads resulted in a
slight increase in the underlying soil settlement for both
rectangular and folded strip footing cases for the sandy soils
both medium dense and dense. Higher steadily increasing
settlements are computed in stiff clay soils for both rectangular
and folded footing cases. However, slight differences betweenings. Journal of Computational Designand Engineering (2016), http://dx.
Fig. 2. Soil settlement under rectangular and folded strip footings. Fig. 3. Vertical soil stresses under rectangular and folded strip footings.
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cases, with folded strip footings giving lower settlement values
than the rectangular ones. This is mainly attributed to the
dependency of stresses under the footings on the bottom of
footing shape in addition to the soil type.
3.2. Effect of increasing the foundation loads on the soil
vertical soil stresses
The applied loads are typical values for a building com-
prised of two up to ten ﬂoors with two ﬂoor increments
respectively. Fig. 3 shows the maximum computed soil
stresses under the two footing types for all the studied cases.
The ﬁgure shows that increasing the applied pressure resulted
in a noticeable increase in the underlying soil stresses for both
rectangular and folded strip footing cases for the different soils
types. The maximum stress levels in all soil types under folded
strip footings are noticeably lower than those of the rectangular
ones, especially at higher stress levels. The maximum com-
puted vertical soil stresses under the folded strip footings are
about two thirds of those taking place under the conventional
rectangular strip footings, at the same loading values. More-
over, the rate of increase in soil stresses due to increasing the
stress levels are noticeably higher in rectangular strip footings
than those in the folded ones, assuring the effectiveness of the
folded strip footings in reducing the soil stresses underneath it.
For traditional rectangular strip footings, it is noticed that
higher stresses occurred in stiff clay soils over that of both
medium dense and dense sands.
3.3. Distribution of settlements within the soil domain
Fig. 4a and b shows the distribution of settlement contour
shading within the soil domain under the rectangular andPlease cite this article as: Salam SA, El-kady MS. Foundations for low cost build
doi.org/10.1016/j.jcde.2016.09.002folded strip footings respectively, magniﬁed by a factor of 10.
The settlement values and distribution are almost the same in
both cases, with slightly lower settlement values occurring
under the folded strip footings.3.4. Distribution of lateral stresses within the foundation
The distribution of lateral stresses within the footing domain
is shown in Fig. 5a and b. Cross sections of both types of
footings are presented showing the peak values of tension and
compression stresses in the footing body for the case of dense
sand soil. It is noticed that the maximum tension took place at
the position of the main footing steel reinforcements. One
more time, the computed steel tension stresses in case of
folded strip footing is about 60% that of the rectangular one,
indicating the need for lower quantity of steel reinforcements.
Moreover, the concrete compression stresses in folded strip
footing are also about two thirds of those encountered in
traditional rectangular one for the different soil types. Thus,
more economic concrete mix design or even less concrete
sections can be performed to account for the reduction in the
needed concrete compressive strength.3.5. Distribution of vertical soil stresses within the soil and
footing domains
Fig. 6a and b shows the distribution of vertical soil stress
shading contours within the soil and footing domain. The
maximum computed compression and tension stresses took
place within the concrete footing. However, the tension in the
longitudinal steel reinforcement in the case of folded strip
footing is concentrated in the middle zone of such reinforce-
ment. Noticeable reductions in the tension forces took place in
the inclined parts of the footing. Moreover, lower compressionings. Journal of Computational Designand Engineering (2016), http://dx.
Fig. 4. Settlement shading distribution in soil domain. (a) Rectangular Strip Footing. (b) Folded Strip Footing.
Fig. 5. Lateral stress distribution in footing domain. (a) Rectangular Footing in Dense Sand. (b) Folded Footing in Dense Sand.
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Fig. 6. Vertical soil stress distribution in soil domain. (a) Rectangular Strip Footing. (b) Folded Strip Footing.
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footing than that took place in the rectangular ones. This
assures the effectiveness of the folded shape over the rectan-
gular shape by requiring less concrete compressive strength.
3.6. Effect of folding shape on straining actions
Fig. 7 Shows the effect of increasing footing load values on
the computed bending moments (B.M.) for both rectangular
and folded strip footings resting on different types of soil.
From this chart it is noticed that increasing load increment
increases bending moment at critical Sec. (1-1). Fig. 7 also
indicated that the bending moment values did not affect with
lower load increment for both types of footings and for all
types of soil. On the other hand, the bending moment
decreased by about 40% for folded strip footing comparedPlease cite this article as: Salam SA, El-kady MS. Foundations for low cost build
doi.org/10.1016/j.jcde.2016.09.002with traditional one at higher levels of loading and for all soil
types, indicating the need for lower quantity of steel
reinforcements.
Moreover, in dense sands gave the lowest computed footing
bending moments followed by medium dense sand, and ﬁnally
stiff clays.The stresses and the related bending moment values
within the reinforced concrete footing, as calculated from the
software ADINA, are used to calculate the needed steel
reinforcements in both the rectangular and folded strip foot-
ings. The vertical applied load over the footing in such case is
equal to 1500 kN is representing a building load of ten ﬂoors,
which is considered the highest applicable load for skeleton
structures in the national housing project. The maximum
tension stresses that took place in the case of traditional
rectangular strip footing reached 3.40 MN/m2, while these
stresses are only 1.96 MN/m2 for the case of folded stripings. Journal of Computational Designand Engineering (2016), http://dx.
((
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Fig. 7. Bending moment values under rectangular and folded strip footings.
Fig. 8. Percentage of decreasing in total cost of footings.
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on reducing the tension stresses, and consequently the ratio of
needed steel reinforcement. On the other hand, the maximum
bending moment that took place in the case of continuous
rectangular strip footing is 255 kN m, while the maximum
bending moment calculated for the case of folded strip footing
is reduced down to 135 kN m, showing the effect of folding
the strip footing on reducing the induced bending moments.
Therefore, a reinforcement of only 9 cm2 is needed for the
folded strip footing, while the traditional strip footing under
the same loading and soil conditions needed 14 cm2. TotalPlease cite this article as: Salam SA, El-kady MS. Foundations for low cost build
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m3 while this ratio is about 43 kg/m3 for folded strip footings.
So, the reduction in the reinforcement ratio between the two
types of foundations is about 26% in favor of the folded strip
footings. The previous percentages indicated in market prices
for one cubic meter of reinforced concrete for both types of
footings. This difference in prices for both types of foundations
is mainly due to two reasons: ﬁrst, the relatively smaller in
concrete sections needed for the folded type as compared with
the traditional type. Second, the price of one cubic meter of
reinforced concrete for folded strip footing is about 77% of its
price for rectangular one. This decrease is due to decreasing
the steel reinforcement ratios in the folded strip footing, when
compared with the rectangular one.
Fig. 8 shows the relation between the number of ﬂoors of
the studied building versus the percentage of decreasing in the
total cost for one cubic meter of both types of footings. The
ﬁgure indicated the decreasing rate of the folded strip footing
over the rectangular one. For small heights (up to six ﬂoors),
there is a slight decrease in the total cost of footings when
compared with the greater heights (up to ten ﬂoors). This
decrease is for the smaller concrete sections and the decreasing
in steel reinforcement ratios in the folded strip footing over the
rectangular one.4. Conclusions
This paper presents numerical modeling and economical
study of the folded strip footing and the traditional continuous
rectangular strip footing resting on different soil types. The
main goal of the paper is to highlight the effectiveness of the
folded strip footings over the rectangular ones. This is
indicated in the reduction of the total cost of casting both
types of footings. Based on the results of the current paper, the
following conclusions can be drawn:
1) In general, the tension and compression stresses within the
concrete folded strip footing body are about two thirds that
occurred in the rectangular strip footings in both directions.
2) The effectiveness of the folded strip footings over the
rectangular ones is not just in the main short direction of the
footing, but rather in the secondary long direction as well,
in which the reinforcements are mostly needed in the lower
straight portion of the folded strip footing only, with large
reductions in the steel tension stresses in the folded portions
of the footing.
3) Folded strip footings are more effective than the traditional
strip footing in the needed steel reinforcement quantity to
cover the generated tension stresses. In addition, lower
concrete compression stresses are also noticed in the folded
strip footings.
4) The maximum value of contact pressure decreased by about
38% for folded strip footing when compared with the
traditional strip footing in stiff clay soil, and by about
25% in dense sand soil when increasing vertical static load
to its peak value.ings. Journal of Computational Designand Engineering (2016), http://dx.
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between the cases of the folded strip footing and the
conventional one.
6) The reduction in the reinforcement ratio between the two
types of footings is about 26% in favor of the folded strip
footings. While the total cost of the concrete for the folded
strip footings is less than the rectangular one by about 18%
in case of ten ﬂoors. So, the folded shape is more
economical than the ordinary rectangular strip footing.
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